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Abstract. In the present study, we are investigating computationally the pulsatile flow in an anatom-
ically accurate cerebral arterial segment exhibiting two saccular aneurysms. Our focus is on the
haemodynamic patterns observed within the two aneurysms, in terms of inflow-outflow regions,
emergence and disappearance of coherent structures and mixing throughout the cardiac cycle. The
results obtained carry interesting features, important for thrombosis, pharmacokinetics and particu-
larly for interventional planning for aneurysm treatment. For the latter, being the center-point of this
study, we show that the two aneurysms behave in a dissimilar manner, since the blood inflow region
oscillates significantly for one of them and practically does not oscillate at all for the second. This
information can guide the medical interventionist in designing the optimal approach, particularly in
cases where total obliteration of the aneurysm neck opening is impossible.
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1. Introduction
Cerebral saccular aneurysms are balloon-like deformations of the arterial wall of
the vessels that bring blood to the brain (Figure 1). The rupture of aneurysms of
this type often has particularly harmful consequences, since it leads to hemorrhage
in the subarachnoidal region and accounts for almost 7% of all strokes. Moreover,
approximately 30% of all aneurysm ruptures are lethal immediately, and an addi-
tional 40% lead to death within 4 weeks, if the rupture is not treated effectively. The
sheer number of studies of this nature done over the last 30 years [1, 2, 7, 8, 11, 16,
17, 20], only underlines the importance of such demographics, importance which is
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Figure 1. Domain of interest and control cross-sections through the two aneurysms. (Original
in colour)
further reinforced by the fact that, at least according to some estimates, 1–5% of the
general population exhibits cerebral aneurysms. The above figures do not include
the side-impact that cerebral aneurismal sacs may have in thrombus creation, since
the recirculating, sometimes almost stagnant, blood inside the aneurysm presents
with an increased potential for clotting [15].
Computational Fluid Dynamics, when combined with proper insight on the
physiology of the human body system under investigation, can provide us with
valuable information concerning both the mechanisms at play and the planning
of mission-critical medical interventions. Computational simulation of aneurismal
flows has already allowed for a substantial increase of our understanding of the pre-
vailing haemodynamics [3, 9, 13]. Visual inspection of the simulated flow patterns
allows for valuable insight on the blood behavior near the orifice, or neck, of the
aneurysm, but also within the sac. Moreover, the use of haemodynamic analysis
also allows for quantities like strain and wall shear stress to be mapped onto the
vascular surface. This may contribute to better planning of endovascular treatment,
and to our understanding of aneurysm rupture risk and patterns.
When numerical tools involving the solution of the Navier–Stokes equations are
to be utilized routinely within a clinical environment, sufficient preparatory work
has to be conducted in order to pre-establish all the parameters and requirements
in a concrete way that covers all the possible situations and configurations the
interventionist might encounter. This element, being of critical importance when
designing an intervention planning decision support methodology, is partly driving
the present effort.
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Figure 2. Grid independence study: (a) Influence of mesh resolution on the computation of
the normal velocity profiles along a line on the cross-sectional plane (a) at the neck of the first
aneurysm. (b) Influence of mesh resolution on the computation of the inflow/outflow regions
separating line (zero normal velocity contour line) on the cross-sectional plane (a) at the neck
of the first aneurysm.
We shall present results from a computational simulation of the pulsatile flow
within a patient’s right internal carotid artery exhibiting two saccular aneurysms
very close to each other. It is often the case that such aneurysms are obliterated
through coil embolization, i.e. through the introduction (via a catheter) of a thin
platinum wire of adequate length, within the aneurysm. This coil forms a densely
packed grid and acts as a porous medium, thus diminishing or eliminating com-
pletely the blood flow within the aneurysm and leading to the formation of a stable
thrombus. Both the desired location of coil insertion, but also the thrombotic fea-
tures of any particular aneurysm depend strongly on its haemodynamics, as they
are governed by the pulsatile blood flow characteristics and the geometric specifics
of the sac and parent vessel.
2. Procedure and Numerical Techniques
There are a number of steps that have to be completed when patient-specific haemo-
dynamic computations are to be performed. The procedure, briefly, has to go through
several stages [3], including:
• The acquisition of a suitable set of medical images that adequately describe
the region of interest. These might be Computer Tomography data, Magnetic
Resonance Imaging data, 3D Angiography data, etc.
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Figure 3. Sinusoidal waveform of the inflow boundary condition.
• The processing of the images to extract the geometric features of the region
of interest.
• The discretization of the volume enclosed within the extracted surfaces with
a suitable mesh generation technique.
• The numerical solution of the pertinent equations for the blood motion.
In the present study, we are utilizing CT data for a subject with two saccular
aneurysms at the supraclinoid portion of the right internal carotid artery. The image
stack used has a resolution of 512 × 512 pixels at 74 slices with a pitch of 0.5 mm
× 0.5 mm × 1 mm and was acquired using a Toshiba Helical CT scanner [6]. The
images are processed [5, 18], and the extracted surface geometry is imported in
a grid generator, (Hypermesh by Altair Eng.), where an unstructured, triangular
surface description and a volume tetrahedral-based grid are created.
Subsequently, the flow of blood through this geometry is obtained. For the
numerical solution of the flow in question, the CFD-ACE solver, by CFD Re-
search Corporation is used. This solver employs a finite volume approach on
a fully unstructured geometry for the solution of the incompressible, unsteady,
three-dimensional Navier–Stokes equations, allowing for the incorporation of non-
Newtonian fluid models, as well as for interaction of the fluid with the solid
wall [10, 19]. Algebraic multigrid acceleration was employed in all simulations
performed in order to enhance the speed of convergence of the solution.
A significant number of steady and pulsatile flow computations, with a variety
of numerical parameters, has been performed in order to eliminate, as much as
possible, the influence of numerics on the solution. For this reason, computations
with grids ranging from approximately 100,000 to 3,500,000 elements and several
numerical discretization schemes were conducted. We should reiterate at this point
that for all practical purposes, i.e. for the application of computational haemo-
dynamics in a clinical environment, very strict quality criteria in terms of grid
dependence and numerical sensitivity have to be pre-established. This means that
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Figure 4a. Evolution of the inflow-outflow patterns and cross-flow vectors for the
cross-section ‘a’ of the first aneurysm. (Original in colour)
for every possible patient geometry, the requirements for an accurate solution must
be known a priori, since neither the time nor the resources are usually available for
a detailed study in each clinical case. In effect, the grid independence analysis of
this and similar geometries, critical for establishing such rules and guidelines, is
a topic of paramount importance that has begun attracting attention recently [14].
Therefore, we shall present a detailed investigation defining a numerical accuracy
protocol for a critical cerebral pathology in a different publication [4]. For com-
pleteness however, we are briefly presenting an indicative grid independence study
for a quantity of great interest to this work, i.e. the normal velocity at the neck of
one of the aneurysms. Figure 2a depicts this normal velocity along a line on the
cross-sectional plane (a) at the neck of the first aneurysm (Figure 1). It is apparent,
that for this velocity all grids but the coarsest one yield similar results. The error
in maximum positive and negative velocity, normalized with the local value, is
less than 4%, when our reference grid (the one with approximately half a million
cells) and the finest grid are compared. Figure 2b shows an even more convincing
trend: the lines depicted correspond to the contour of zero normal velocity, thus
delineating the regions of inflow and outflow for this particular aneurysm (for the
338 I. CHATZIPRODROMOU ET AL.
Figure 4b. Evolution of the inflow-outflow patterns and cross-flow vectors for the
cross-section ‘b’ of the first aneurysm. (Original in colour)
same section (a), at the neck of the first sack). The maximum difference in location
between the finest grid and our reference grid is less than 5% and it is very close
to the solid wall, where the velocity is of small magnitude. On the average, the
spatial difference between this moderately fine (and clinically feasible in terms of
necessary computer time requirements) grid and the finest grid tested is around
1%, all errors non-dimensionalized with the aneurysm neck diameter. For the rest
of the present study, a grid of 483,871 elements, with a second order discretization
scheme in space and a second order Crank–Nicholson scheme for the temporal
discretization was used.
Several computations were performed, for conditions corresponding to various
heartbeat rates and blood flow rates, but for the results presented herewith the
mean Reynolds number (based on the mean velocity and the vessel diameter at
the entrance), was set equal to 300. We should note however that although the
details of the computed flow fields were of course influenced by the exact features
of the pulsatile forcing, the trends observed were consistent, and so were the main
conclusions drawn from these computations. An idealized pulsatile waveform was
used as the inlet boundary condition, in the same spirit as in [12]. Figure 3 de-
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Figure 4c. Evolution of the inflow-outflow patterns and cross-flow vectors for the
cross-section ‘c’ of the first aneurysm. (Original in colour)
picts the waveform used in terms of instantaneous over mean Reynolds number
vs. time normalized with the heartbeat. The Womersley number, a = R√ω/ν
(where R is an average radius, ω is the angular frequency and ν the kinematic
viscosity of blood) was set equal to 4.8. The mean inlet velocity was used for the
non-dimensionalization of all velocities. A fixed pressure boundary condition was
specified for both distal outflow boundaries. The dimensionless computational time
step was 0.01, normalized with the heartbeat period. For the cases simulated in this
study, certain simplifications were made, like assumptions of non-compliant walls
and constant viscosity.
3. Results and Discussion
Figure 1 depicts a shaded view of the computational domain, characteristic dimen-
sions along with the designation of the aneurysm names and cross-sections, used
throughout this study. We shall name the aneurysm that is closer to the inflow
boundary ‘first aneurysm’. Moreover, we shall utilize the letters ‘a’, ‘b’, ‘c’ and ‘d’
for the four cross-sections of each aneurysm, starting from the aneurysm neck (slice
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Figure 4d. Evolution of the inflow-outflow patterns and cross-flow vectors for the
cross-section ‘d’ of the first aneurysm. (Original in colour)
‘a’) and going towards the aneurysm fundus (slice ‘d’). The time instants where
results will be presented are as follows: t1 = 0.00, t2 = 0.13, t3 = 0.26, t4 = 0.39,
t6 = 0.52, t6 = 0.65, t7 = 0.78 and t8 = 0.91, a convention used throughout this
study. As mentioned before, the basic period (i.e. the cardiac cycle) is one time unit
long, and all times mentioned are non-dimensionalized with respect to this time.
We have computed a total of five cardiac cycles and we observed no difference
(i.e. full periodicity) after the second cycle. The results presented correspond to
the last cycle simulated and are thus clearly past all initial transients. Figures 4a,
4b, 4c and 4d show contours of the normal velocity vector for the four control sec-
tions of the first aneurysm. Moreover, cross-flow vectors are depicted, showing the
instantaneous secondary motion patterns. We can readily observe that significant
secondary motion prevails, for section ‘a’ in particular, that is damped as we move
towards the fundus (section ‘d’). Moreover, the inflow-outflow patterns observed
oscillate significantly, with an actual switching of the inflow and the outflow areas
been very apparent in the first section. Whereas we see a consistent secondary
motion (clockwise in the figures) for sections located in the middle of this first
aneurysm, this motion is much more complex on the entry section, but also at the
fundus section.
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Figure 5a. Evolution of the inflow-outflow patterns and cross-flow vectors for the
cross-section ‘a’ of the second aneurysm. (Original in colour)
The situation changes significantly when similar observations are made for the
second aneurysm. Here, a remarkable insensitivity towards the strong pulsatility of
the inlet flow is observed, with regard to the entrance cross-sectional areas where
inflow and outflow is occurring. As we can see in Figures 5a, 5b, 5c and 5d, the
intensity of the secondary motion is also very significant, but the inflow and outflow
regions are more or less fixed in space and occupy approximately the same region
on the aneurysm neck section for all time instants depicted. With respect to this
parameter (inflow/outflow regimes), that is of interest in the present work, the fluid
that feeds the second aneurysm emanates from such a subset of the cross-section
between the first and second aneurysm where the pulsatility is not as strong as that
of the inflow section. We shall revisit this issue in the sequel.
The cross-flow velocity patterns in this second aneurysm seem to be signifi-
cantly more organized and consistent, for all the control sections. Actually, as we
can see from these figures, there seem to be two very distinct, counter-rotating
structures, that coincide more or less with the inflow-outflow patterns of all sec-
tions, except the very last one (Figure 5d) where the influence of the second
aneurysm fundus wall damps the secondary motion significantly. Moreover, the
geometry of this second sac, departing drastically from the more or less oblate
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Figure 5b. Evolution of the inflow-outflow patterns and cross-flow vectors for the
cross-section ‘b’ of the second aneurysm. (Original in colour)
spheroid we see at the first aneurysm, affects the emerging flow patterns, something
that is quite obvious in Figure 5b.
The profoundly different nature of the flow in the two aneurysms can possibly
be attributed to the fundamentally different locations and orientations they occupy
with respect to the parent vessel: As we can see in Figure 1, the first aneurysm
neck is oriented almost parallelly to the mean flow. In this respect, this aneurysm
is acting like a cavity, driven by the oscillatory flow, and at the same time damping
through the intense secondary motion it is developing some of the pulsatility that is
convected downstream. Contrarily to this, the second aneurysm is located almost
at a direct impingement angle with respect to the parent vessel. The main argument
that can be made at this point is that the blood flow particulars for the cerebral
vasculature pathology studied are not only patient-specific, something that has been
identified for quite some time now and has diverted the computational efforts of
researchers from generic idealized geometries to image-guided configurations, but
there is also great differentiation for the same patient. Thus, for medical interven-
tion planning procedures to be effective, it is obvious that the maximum possible
amount of patient-specific information must be taken into account.
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Figure 5c. Evolution of the inflow-outflow patterns and cross-flow vectors for the
cross-section ‘c’ of the second aneurysm. (Original in colour)
A closing remark can be made at this stage in connection with the principal
objective of this work which is the identification of the efficacy of CFD in general
and computational haemodynamics in particular to answer practical questions with
respect to optimal coil embolization procedures for cerebral saccular aneurysms.
There is now convincing evidence, originating from large scale clinical random-
ized trials [21], that the preferred approach for cerebral aneurysm treatment is
indeed coil embolization. Therefore, the need to plan and optimize this technique
emerges more dominant than ever. This approach is based on the effort to exclude
the sac from the blood circulation by establishing a stable, coil-reinforced, clot
in the fundus. Thus, one predominant concern when this treatment is applied is
connected with the basic assumption, i.e. that the aneurysm sac is indeed isolated
from the flowing blood, especially for partially occluded aneurysms. We feel that
there is currently no rigorous way that this question can be answered, and that
computational simulation offers, possibly, the only viable alternative.
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Figure 5d. Evolution of the inflow-outflow patterns and cross-flow vectors for the
cross-section ‘d’ of the second aneurysm. (Original in colour)
4. Conclusions
In the present work, we have examined the haemodynamics of the pulsatile flow
of a patient’s right internal carotid artery, exhibiting two saccular aneurysms. The
principal finding of this work is that the two aneurysms respond to the flow pul-
satility in profoundly different ways: the first aneurysm, being oriented like a driven
cavity, is strongly affected by the unsteady nature of the flow and at the same time
damps a significant amount of this unsteadiness, before it reaches the second sac.
This second aneurysm experiences a direct impingement of the damped flow and
shows a remarkable insensitivity to the pulsatile flow patterns. The present study is
driven by the need to establish a technique that can identify the optimum regions
for coil embolization. Based on the observations made, we conclude that this iden-
tification can benefit greatly from simulations of the nature performed herewith.
Such optimum embolization regions seem to be strongly connected not only with
patient-specific but also with aneurysm-specific haemodynamics and thus insight
on this kind of individual-based blood flow data can prove valuable for advanced
intervention techniques.
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